The purpose of this study was to evaluate the responses of immature young pulp cells under conditions of hypoxia with or without reoxygenation. Proliferative activity and bone related protein mRNAs were evaluated. Proliferation ratios in the hypoxia only and hypoxia with reoxygenation groups were significantly lower than those in the control group on days 2 and 3. On day 4, there was no significant difference between the control and the reoxygenation group. There was no significant difference in alkaline phosphatase (ALP) mRNA among the control, hypoxia and reoxygenation groups at any of the time periods. Expression of dentinsialophosphoprotein (DSPP) mRNA was significantly lower in the hypoxia group than in the control and the reoxygenation group on days 2 and 3. Hypoxic condition suppressed the expression of a gene specific to odontoblasts in immature young pulp cells, suggesting that it affects the differentiation ability of odontoblasts.
Introduction
Hypoxic conditions of intraoral tissue occur for various reasons, including orthodontic tooth movement, use of local anesthesia containing vasoconstrictors, and occlusal trauma. During orthodontic tooth movement, the periodontal ligament is exposed either to pressure or to an attractive effect causing hypoxic conditions of the tissues (1) . Administration of local anesthesia containing a vasocon strictor reduces peripheral blood flow and causes hypoxic conditions in the pulp and in the periodontal ligament (2, 3) . Occlusal trauma results in peripheral circulatory disturbances and vascularization (4) . Research has shown that blood flow decreases to less than 40% of normal in the brain, aerobic metabolism stops and irreversible tissue damage ensues because of energy failure (5, 6) . There are many reports related to oral cell responses under conditions of either hypoxia or hypoxia with reoxygenation. Such conditions may stimulate periodontal ligament cells to produce bone resorbing factors, which result in the progression of alveolar bone resorption (7) , although periodontal ligament cells maintain homeostasis during hypoxia and reoxygenation (8) . Moreover, pulp cells are also known to exhibit hypoxiaresistance and to enhance their physiological functions (911). In particular, the proliferation of pulp cells progresses in a low-oxygen environment because hypoxia increases mitochondrial function and the proliferative activity of the pulp (9) . On the other hand, it is generally considered that immature young pulp tissue is functionally different from aged pulp tissue. However, little is known about the responses of immature young pulp cells to hypoxic conditions in vivo and in vitro.
In this study, we evaluated the responses of immature young pulp cells of rats under conditions of hypoxia with or without reoxygenation. Amemiya et al. (9) suggested that vascular endothelial growth factor (VEGF), which is an angiogenic growth factor that elicits cellular responses to hypoxia (12) , increases alkaline phosphatase (ALP) activity under conditions of hypoxia. For those analyses, proliferative activity and reverse transcriptase polymerase chain reaction (RT-PCR) assays were performed to examine the effects of VEGF, hypoxia inducible factor-1α (HIF-1α), alkaline phosphatase, and dentin sialophosphoprotein (DSPP).
Materials and methods
This study was conducted in compliance with the guidelines for the treatment of experimental animals at the Tokyo Dental College. Five male 14-day-old SpragueDawley rats, weighing approximately 50 g each (Sankyo Labo Service, Tokyo, Japan) were used for these studies because their molars show immature conditions, with crown formation but without any roots.
Histological observation
Each rat was sacrificed with an overdose of thiopental (Ravonal; Tanabe, Osaka, Japan). The mandible and maxilla were removed and fixed in neutral-buffered formalin (10%) for 3 days, and then were decalcified in formic acid for 1 week before being embedded in paraffin. Paraffin sections were cut in the sagittal plane, and sections were stained by hematoxylin and eosin.
Cell culture
Rats were sacrificed as noted above and the oral mucosa was sterilized with 70% ethanol. The first and second molars of both jaws were extracted mechanically. The teeth were immediately placed in alphaminimal essential medium (α-MEM; Gibco, Carlsbad, CA, USA) containing 500 μg/ml gentamicin (Sigma Chemical Co., St. Louis, MO, USA), and 0.3 μg/ml fungizone (Gibco). The pulp tissue was carefully removed from the pulp chamber with a dental explorer. Thereafter, the removed pulp tissue was treated according to the method of Zhang et al. (13) . Briefly, the pulp tissue was minced and digested with 3 mg/ml collagenase type I for 1 hr at 37℃ with gentle shaking. Cell suspensions were obtained by passing the digested tissue through a 70 μm cell strainer. Single cell suspensions were seeded in Coster ® 24 well microplates (Corning Inc., Corning, NY, USA) and incubated under a humidified atmosphere of 95% air and 5% CO2 at a temperature of 37℃, in α-MEM culture medium containing 10% fetal bovine serum (inactivated at 56℃ for 35 min, Gibco), 40 μg/ml gentamicin and 10 μg/ml fungizone. The culture medium was changed every 48 hrs. When the pulp cells reached confluence, they were detached using 0.1% trypsin/0.02% ethylenediamine tetraacetic acid (EDTA) (pH 7.2) at 37℃ for 1 min to subculture. Cells from the fifth subculture were used in the following experiments.
Hypoxia and reoxygenation conditions
Hypoxia and reoxygenation conditions were set according to the method of Amemiya et al (9) . For the control group, cells were incubated under a humidified atmosphere at normoxic conditions (20% O2, 5% CO2, and 75% N2 at 37℃) for 1 to 4 days. For the hypoxia group, cells were incubated under a humidified atmosphere of 2% O2, 5% CO2, and 93% N2 at 37℃ for 1 to 4 days. For the reoxygenation group, cells were first incubated under the same conditions as the hypoxia group for 24 hrs and then were changed to the normoxic conditions and cultured for 1 to 3 additional days. The medium was not changed during the experimental period in all groups.
Proliferation assay
Approximately 3 × 10 4 cultured cells were seeded in 35-mm cell-dishes (Corning) and were incubated for 1 to 4 days at each of the culture conditions described above. Cells were detached using 0.1% trypsin/0.02% EDTA (pH 7.2) at each time-point, and the numbers of detached cells were counted a Coulter Counter (Beckman Coulter, Inc., Fullerton, CA, USA).
Quantitative reverse transcription-polymerase chain reaction (RT-PCR)
Approximately 3 × 10 4 dental pulp cells were seeded in 35 mm dishes and were cultured as detailed above. Total RNA was extracted from each sample using the acid guanidium thiocyanate/phenol-chloroform method as follows. The culture medium was removed, and cells were then rinsed twice using phosphate-buffered saline. The cells were homogenized in 1 ml TRIsol ® reagent (Invitrogen) after 1, 2, 3 and 4 days of incubation. Each solution was transferred to a 1.5 ml tube containing chloroform and mixed. The tubes were centrifuged at 13,200 rpm at 4℃ for 20 min, after which the supernatants were placed in 1.5 ml tubes containing 250 μl 100% isopropanol (half the amount of the TRIsol reagent) at -80℃ for 1 hr. After centrifugation at 13200 rpm at 4℃ for 20 min, the supernatants were discarded and the remaining total RNA pellets were washed with 70% cold ethanol. Total RNAs were dissolved in 50 μl RNAase-free (diethylpyrocarbonate treated) water and then were reverse transcribed and amplified in 20 μl volumes using a reverse transcription kit (Quanti Tect; Qiagen, Germantown, MD, USA) containing RNA polymerase chain reaction (PCR) buffer (2 U/μl RNAase inhibitor, 0.25 U/μl reverse transcriptase, 0.125 μM oligo dt-adaptor primer, 5 mM MgCl2 in RNAase-free water). RT-PCR products were analyzed by quantitative real-time RT-PCR in TaqMan Gene Expression Assays (Applied Biosystems, Inc., Foster, CA, USA) for the target genes: HIF-1α (Rn00577560_m1, 72 bp), VEGF (Rn00582935_m1, 75 bp), ALP (Rn01516028_ m1, 68 bp), DSPP (Rn02132391_s1, 87 bp). The TaqMan Endogenous Control (Applied Biosystems) for the target gene β-actin (Rn01768120_m1, 63 bp) was used as an endogenous control. All PCR reactions were performed using a realtime PCR 7500 fast system (Applied Biosystems). Gene expression quantitation using TaqMan Gene Expression Assays was performed as the second step in a two-step RT-PCR. Assays were done in 20-μl single-plex reactions containing TaqMan Fast Universal PCR Master Mix, TaqMan Gene Expression Assays, distilled water and 
Statistical analysis
Five experimental runs were conducted and data were analyzed using the ANOVA one-way analysis of variance and a multiple-comparison test (Scheffe's test, MS Excel 2003 addin). Data are expressed as means ± standard deviation (SD) with the control group (n=5). Differences at P<0.05 were considered to be statistically significant.
Results

Histological findings
The first and second molars of both jaws were unerupted and were covered by connective tissue with an oral squamous epithelium (Fig. 1) . However, the crown formation of the first molar was already complete and elongation of Hertwig's root sheath was observed. The crown formation of the second molar was incomplete.
Proliferation ratios
The proliferation ratios increased in all groups in a time-dependent manner (Fig. 2) . It was significantly lower in the hypoxia group than in the control group on days 2, 3 and 4 (P<0.01). The proliferation ratio in the reoxygenation group was significantly lower than that in the control group on days 2 and 3 (P<0.01). However, the ratio in the reoxygenation group recovered to a level similar to that of the control group on day 4 although it was significantly lower on days 2 and 3 (P<0.01).
mRNA expression levels
The expression of HIF-1α mRNA in the hypoxia group was higher than that in the control group on days 2 (P<0.05), 3, and 4 (P<0.01) (Fig. 3) . It was also higher in the reoxygenation group than in the control group on day 3 (P<0.01). The expression in the reoxygenation group was lower than that in the hypoxia group on day 4 (P<0.01).
The expression of VEGF mRNA in the reoxygenation group was significantly higher than in the control and the hypoxia groups on day 3 (P<0.01) (Fig. 4) . There was no significant difference in VEGF mRNA among the control, the hypoxia and the reoxygenation groups on days 1, 2, and 4.
The expression of ALP mRNA in both the hypoxia and reoxygenation groups was similar to that in the control group at each time point. factor (VEGF) in hypoxic conditions of rat dental pulp cells in culture. , Control; , hypoxia; , reoxygenation. The expression of VEGF mRNA was significantly higher in the reoxygenation group than in the control and hypoxia groups on day 3 (**P<0.01). The expression of VEGF mRNA was significantly higher in the reoxygenation group than in the control and hypoxia groups on day 3 (P<0.01). There was no significant difference in VEGF mRNA among the control, hypoxia and reoxygenation groups on days 1, 2 and 4. 
Pulp response in hypoxic conditions
The expression of DSPP mRNA in the hypoxia group was significantly lower than in the control group on days 1, 2, and 3 (P<0.01) (Fig. 5) . It was significantly higher in the reoxygenation group than in the hypoxia group on days 2, 3 and 4 (P<0.01).
Discussion
Regarding the cell proliferation ratio of immature pulp cells, the hypoxia group showed a lower proliferation ratio than did the control group for each time period, except on day 1 in this study. Ueno et al. reported that shortterm exposure to hypoxia (1% oxygen tension for less then 24 hrs) did not affect the viability of the rat pulp cell line (RPC C2A-K4), while long-term exposure (over 24 hrs) reduced its viability. They concluded that the population of cells in the G1 phase increased but those in the S phase decreased after long-term exposure to hypoxia, which suggested that hypoxia suppresses the proliferation of pulp cells in a time dependent manner (10) . Their findings support our results. Therefore, it appears that the proliferation activity of pulp cells from immature teeth also depends on oxygen concentration. On the other hand, the reoxygenation group also showed a lower proliferation ratio than the control group at days 2 and 3, although the ratio returned to the same level cycle to arrest the proliferation the G1 phase by inactivation of functioning molecules for DNA synthesis, which inhibits progression through the cell cycle (10, 14) . This suggests that it takes more than 48 hrs exposure of oxygen to increase cells at the S-phase and reestablish cell viability.
There are significantly higher levels of HIF-1α under both hypoxic and reoxygenation conditions compared to the control group in this study. Nevertheless, no significant levels of VEGF were seen in either group at any of the time periods except for day 3. The expression of VEGF, which induces vascularization, is regulated by HIF-1α, which is known as a hypoxia-mediated regulator of gene transcription. It is known that HIF-1α is up-regulated and is an inducer of angiogenesis under hypoxia (15) . On the other hand, it has been also reported that the expression of VEGF mRNA (16) and pulpal blood flow (17) of young pulp tissue is higher than that of aging pulp tissue. The HIF-1α expression patterns in our results suggest that the response of young rat pulp cells to hypoxic conditions might be independent of the expression of VEGF, since young pulp cells originally express high levels of VEGF and have high vascularization.
ALP has been associated with early osteogenesis or dentinogenesis (18) , while DSPP is a tooth-specific gene produced by odontoblasts, and has been associated with odontoblast differentiation (19) . Both are considered to be useful markers for early mineralization. In this study, the expression of DSPP mRNA in the hypoxia group was significantly lower than that of the control group although there was no significant difference in expression of ALP mRNA among all experimental groups at any of the time periods. Under hypoxic condition, the effects on osteoblastic differentiation in various osteogenic cells and the decrease of ALP in aged rat periodontal ligament cells O2 have been reported (18, 20) . Our results with regard to ALP level suggested that young rat pulp cells had a higher capability for osteogenic potential than the aged rat cells. Shiba et al. (21) reported that ALP activity was increased in young donors and decreased with aging. Taken together, immature young pulp cells have high levels of ALP activity, and hypoxic conditions did not affect the expression of ALP.
Nohutcu et al. reported that the expression of DSPP in terminally differentiated odontoblasts is higher than in early differentiated odontoblasts (18) . Muramatsu et al. reported that young pulp tissue has a high level of dentineogenic potential and differentiation ability compared with aged pulp (22) . In the present study, there were significantly lower levels of DSPP at days 2 and 3 under hypoxic conditions compared with the control groups. It suggests that hypoxic conditions may decelerate odontoblast differentiation.
In conclusion, hypoxic conditions do not affect early dentinogenesis, but affect odontoblastic diffentiation. Furthermore, hypoxic conditions reduce cell proliferation in young pulp tissue. However, it was conceivable that reoxygenation within 24 hrs was able to reestablish cell proliferation and differentiation after the hypoxic condition. 5 . mRNA expression levels of dentin sialophosphoprotein (DSPP) in hypoxic conditions of rat dental pulp cells in culture. , Control; , hypoxia; , reoxygenation. Expression of DSPP mRNA was significantly lower in the hypoxia group than in the control and the reoxygenation groups on days 2 and 3 (**P<0.01). Expression of DSPP mRNA was significantly lower in the hypoxia group than in the control group on days 1(**P<0.01). Expression of DSPP mRNA was significantly higher in the reoxygenation group than in the hypoxia group (**P<0.01).
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